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( )(II Wolk focllscs 11]1011 {lc.\’(’.lojlll lcllt Oi tc.(’ll -
]Iiqucs f’ol clmwill~,  aIIIo]If, ;I set of’ al[c.i  ll:~tivcx
ill llIc. jIII’scl Ic(. of illcolllj)lclc  illi”(ullmlioll  aII(l
\f;l[)Tillp,  (:os(s of :Ir.q(lilillp,  ilifoll]m(ioll.”  111 ()(11
;IJI]JI(J:ICII,  R’c  lII(NICI  tlIC. (0S( ald  u[ility  of Vitl i-
OIIS allc.]l]:l[iws  llsill[!, j]:\lfll[lclcli7.c.(1 s(:ttislic;tl
II I(xl(.ls. liy :IjJj)lyilIII,  tcclllli(!llcsfl{)]ll  :111 aIL. d of
S[;(lislics  rallcd ]I:Iliil IIc.1r.1  c.slilil:ilioll,  statistical
II I(I(lr.ls C: III Im iltf(’11(’d  fto]li (Ma Icf’,:ll(lill/:  tlIc
lllility  :111(1  illfol  Ill:ltioll  c(wl o{ cacl I (Il”ll Ic V:II i-
011s tIltc.t  Iw(i\’cs. ‘J IIcsc. sldlisli(wl II I(Idc.ls  c: III
tlIcl IlwlIs((l t(lcs[iltmlcllw  Illilily alI(l c(Isl of ac-
(Illit  ill[’, a(l(liliollal  illf(~lllmtioll  :111(1  [lIc. ulilily  (If
sc.1[’.cti]lf,  slmciflc  ;Il[c.] I[:l(ivr.s  fIolII (lIc ]J(wi[]lc.
clwicc.s :11 11:111(1.  W :i]qdy tlmc Icclllli(]llr.s 10
:l(l;ljlli\’c])l(JlllClll solvill  [,,, a (Cclll)iquti  ill \vllicll
;I syslc.  tII ;tlllolll:llically  [II IICS \T:lliollsC(Jll[l(Jl  ]):1.
I ~IIIIclc.Is  (HI d ]ICI [w II WIICC c.lc.IIIc.111  10 itlljlt uvu.
l)u.I (( JIIIIaIIcc. i] I a p,ivc.11 doillaill.  Wc]IllscII[  CtII
])ifical  lt’slll[s  col)l]mlili~,  llIc Cffcctivc.]]css  of
llIc.sc. tcclltliqlm (HI s] IdIIj) ICatllillf’, fIUl  II a
I1”;II WOJ  ld J4A,YA  sclml[!li]~f’,  do)lmi]l  :11111
srl Ic(i(Ilc quali(y (lal;i fI(JIII llIc.  S:IIIIC  IL.21 w’wld

NASA sclw(lulitlf,  (lo]ll;~itl.

1 lN’J’ltol)tl(:’J’JON”

III Ilmc.llil]c  lc.altlill~,  :111(1  [mic.  (1(. cisioll  ]Iml:itl[’,  ill
A l ,  [I sys[(III II I(IS[ 0(1(:11 tl..owII alxwl  :Il((jlt:lliv(
c(mIscs of a(lioll  ill llw alwII(w of ]wf’c. cl illiot  Ilm
tioll.  III lII;IIIy Cdws, ;Ic(](liliilf,  d(klili(nl:(l  iilfol II I; I-
liml lII:Iy I)c.])ossil)l(,l)lll  lmsnwwia[cd  \!’illi  il s(It IIc
cOSI. A (~.])(lill  ]IIOI)l(S.111  of iIIIC.IL’.SI to Al Ir.s(s.iII(”lI-
(“1s, :111(1 sltllis(ici[ills  iSlll:l(  of(leSi{j,llill  ~}, Sllitlc[’,il”.Sto”
llill~lll(”Ct  llC.{’OSl  of:l((]llilii  l[’,:!(lrlilioll:  ~l” iilfoll]l:ttioil”
:1[’,:lil]sl llIc. cx]mc[c. d utility of Ilm  illf’otlll;llioll  {0 l)r.
:wqllit~’.d.  I;()] c.x:IIII]Ilc,  \t’llrll  cll(mitl[),  aIII(IIIp, d s(.1

‘:l\CCk  II I: III llls(ilu(c
lltli\’cl>ily  (~t’lllitlois

do.j N. M:II]I(\j,sA \,., llIII;III;I,  II (II!K)I
[,,lillcll(c~(s.lli~  lc.c(lll

of a([iolls, oJIc Collld  fI,a[l Icf flllillc.1 ill(()] l]la(ioll
wliicll  ])li~,lll  lIr.lj I II IakC y(nt I dc(.isio]l (at s(HIIc.
c(Isl), o] OIIC ]lii~,lll sil[l]dy II Iak C a (Ir(isi(l]l. 1{ OIIC
(kcidc.s  to ~,;tllm fulilm  itlfolilmtiotl,”  wllicll  ittfo]-
IIl:llioll  \\’olll(l  l)r.tllcllloslllscflll’?  Wllr.11 olwwis]ws
solIIc. Soti Of slalis[ical  ~,Ll;lIt\lI(cC.s  olI III( (1[)(’:11)  (Jj)

Iilli:(lily  oi”tltc  clloic(.  al Id/{)1 Illr. [I,(liIltIIIlrr  of )dlio
]mli(y,  a S(d(is(ic:tl  dccisiwl (Ilcor(’(it” ftdrlw\;’(t[k  is
11s(’[(11. ‘lo Slllllll lil[i?.(’.,  tl[is  ]Jl~~lJlcr[l of (Ircisioll
]Iml:ill[’,  \\’i[l] ilw]lljllc.[r irdol Ilialiotl  :111(1 il]fo]llm.
Iiol]

Al:

),?:

[os[s  raII lw ;III;Ilyn’.(l ill l\\fo  ]):lti\:

ll(I\\I II IIICII illf{~]llla[io]l  is cII(NI~,l I’? AI WII:II
]milll (10 v:c. ]I:Ivc a(lc(lII;Ilc illfolllla(io])  ({) sc-
]ccl OIIC (If tltr al(~:lilaliw’s(?

I f  OIIr v,’isllrs to ncq~lill  ]II(~lL. illfollll:ltioli,
wllir]l  illfolllr;llioll”  \\’ill  allo\!”  (IS to IIl:lkc  tll(’.
Ims( ])ossil)Ic  dc.cisiol] :It lIaIId u’lfilc. t[li[iil[li7.-
ill[’,  iilfolllmtiotl  (0s(s?

l’ossil)lc.  s(dlltiolm to this (Ic(isioll  ]I]akillj’,  (]u:ildw
r)’ d(j)r]t(l (~]1  tlI(’.cotItcxl  ill w.’]licll  tlIc (Ic(isioll  is In
illj’, IIld(k. ‘J’l)is ]Iajm focusc.s  iI]IotI [IIC
(Ircisioll  IIldkillp,  ])l(Jl)lc]IIs  illwlvc(l ill a(l:i])livc.
JIILd)lc.[11  solviri{:. A(l:(lltivc  ]) IcdIlcIII solviIIII,  or.
cuts wlwrl a sysl{LIII  lIa\ a ]Illtlllw]  of C(IIIIIO1  ]mitlls

w]licll af’lkct it\ ]wI f(JIIII:il Icc. (Ivcl a (Iistlilllltiol] of
])lol)lr]IIs.  \Vllrtl  tll( Systrill  solvrs a ]) IolIlc.111  wit})
d f,i\’ull  Set of sctlillf’,  s fol (0]11101  Jmillt<,  it ])t(dlwrs
a lcsllll  wllicll  lIa\:1  colll”.sl]otl(liil[’,”  Lltili  [y. ‘Ilic. f’,(ml
of ad;\llti\’(”.  }1](1111  (’111 so]vill  f,, is: ~,ivcll  a ]IlolIlclII
(Iistlil)lltiol],  flll(ltllc  scllill~’,of  colltlol”  lmitltswllirll
llmxil[li7cs  tllr C.x])cctc.d  lllilily  of tllr It..sLIll  (If a] I
]Ilyiilf’, tllc syslr.111 to ])tol)lr.]lls ill tlw. (lisllil)llli(~ll.

M(JIC 1 i{’,ol (Nlsly$ tlw ada])livc. ])101)1(111  solvill~,
])rol)lrlii CiIII  l)c  dc.scI  il~r.s :t~ f(Jll(I\vs.  (iivc.11 :1 flCX-
it}lc. ]) Ctft)t  II I; ItICc  C.lrrlrllt  1’IL U’itl) co]lt[ol  ]miilts
(!l’l... (’l),,, \VllC1l’  MCII (.orltlol” ]millt t?I’i C(~ll L”.-
sj}oll(lst(~:i  l]:ltiiclll;ii c(IIItt(Il (Iccisi(ljl  ;III(I fc]l \\’llicll



,.

tlICIC i s  a  scl of [Il[c.l[l:l{ivc (Ic. cisiwl tIIellI(ds
hli,l...h4i,L,l ~1 (OIItI(I]  XtI;IICII,~  ;S fI sc!ccliot] (If :1 SjI(’-
ci(w II IdlI(d  for cvc.ty  C(HIIIOI  ]mill(  (c. fI,,, S’J’l<A’I’:
<h4 \ ,3,h4:,,(,,h4  :{,l,...>). A  C(NI(IO] StldC~’,Y  (k[cI  -
IIlilws  llIc. owIall Iwllaviw of Ilw sclwdulcv.  1[ II I:Iy
Cf’1’rcl  jllt~]wl~ics  ]ik(.. colllj}l}[:llio]l~ll”  Cfllcicll[y  ()]
[IIC qll:(lily  of’its soluliotls.  1 d I’I;(S’l’l<A’l’)  Iw [IIC
])Ic)IIIc.111 sol\Ic.] ojmla[iil~,  uII(lc.I o lmliiculal  colIIILjl
slIdlc.[I,y. ‘llIc fulwlioll  11(1’I{(S’1’l<A’I’),  d) is a J{’:il
\’iilllC.(1 Il(ility  ful]c[ioll [Il:lt  is d lllC.:l\(ll  l’. of[ll C.[:(l(J(i-
IIcss (Iftllc lldl:lviol of [11(’. sclldllkl ()\’cl ]Iloldclll
d. ‘JIIc f,(ml of lc:llllill~,  c: III lIc cx])l Lcssc(l a<: [I,ivctl
;l]J1(ll  llelll(lis(  lil~ll(i()l  lIJ, flll(l,$'l  'l< fll`s(~:t\  l(llll:lxi -
tlliw lIw cxlm[cd  utility of 1’1{.  l[hjwclcxl  utility  is
(1(’ flllc.d  for llmlly  tl\:

I;W CX:IIII]IIC., ill a ]~lallllill~,  systc]ll  SUCII  w l’l<ol)l-
(iY lh4itllol]88],  WIICII ])l:lllllill~, 10 acllicvr  a p,o:Il,
c(IIIt Iol jmill(s WON](I IIC: I)ow to Sr.lc(’t till OJ)CI illol
10 llsc. 10 acllicvc tlIc. [I,()[II; II(IW’ 10 SC.]((I 1’[11 ial)l(’
[)ildillf,s 10 illstalltiatc  tlIc olIcItitoI;  c.(c. A TIdlIod
f-ol lIK olmt  d(u clwicc  H)lltl(ll ]millt llli~~,llt Iw a srl
(Jfc(IIIIIL)l lillc.s  to dctc.1  IIlilw wllicll  ()]mIiIl()Is  to iisc
10 acllicvc val i(nls ~,o:lls  ]Il~ls a (Icfalllt Olwl :Ilot
cli(licc  tIIc.ft Iod. A s[tittcfiy  would lx ii sd of Cort(lt)]
III](’S and (Icfaul[  II I((lI(ds  fot c\rcIy coIIIIc)l ]Ioilll
(c.~1,., 011(..  fol o]w.t d(()] dmiw,  o]lc fw l)ill(lill~,
clloicc, c.tc. ). lltilily  ]lli~llt Imdcflld  :isa fklltclioll
of llIc  Iitlm 10 c(IIIsl Iilcl  a ]JI:III, cost to cxr.clllc tl)r
])I;III,  (M SOIIIC  (Ivc.ttill  llmwt~’.  of tlm qllali[y 0( tlw
]) I; III ])lo(hl(d.

(iivc.11  lIK colite.x[  oftldal~tivc  ])lol)lcl]l  solvill[’,,  Illc
qllc.s(iol}Al  flotlltilmvc. “now lllllcll  illfolltm[io]l  is
Clloll[’,ll’’C:  llll)CfLlllllC.l  Clalx)ldtcd.  ltltt(l:l]Jti\’t.]Jl(l
lIlclII  solvill[’,,  tl]c Cx]rctc.d  lltilily CaII [m illtc.1.
]Mc.tc(l as avctnf,c. ut i l i ty flolll  tllc.  lmfolllmlw
c.lclIIcIIl  c)rl  d l]c.i lII(IIIlc.111  Imsis, ‘l’l[is  II IC;IIIS tt[at
“lIow litllc.11  illfol[llalioll  isct]ollf,ll’’[  ’,ctlctdllyflc-
])clds UIK)II  llIr.  :Iillollimtiotl  ]mli(d fo] lc.at[ld
kllowlc(i[’,c,  llIc I ~.l:it ivc. c(ml of ac(]uil il]p, ad(lilioll;!l
il]foll]]ali(ul  atI(l ildc.l;w[io]ls  Iw.twcrl) sllcccssi\’c
clloicc.s,  ‘1’lIcsc  issllcs(  itc’tllcfoc llsofotllcl  wmk

1. No[ctl I;Il al IIcll Io(l rlj:lyc(~] lsis[ofs[ii:lllcl CICIIICIIIS
S(I III;II ;I IIICIII()(I  lII;Iy lIc a SC( of ({jj](ltll  IIllcs  [II :! cf)]lll,i.
Il[[(iot]  ofl]c~l]is(i(s.  hTotr al S(IIII:II a II Ir[l I(Kl II I;\y :IIWI
i[lvolit]cal \’ill Ll(’{1  ]l:lldlllCICls. }ICIICC, II ICI III II II)CI Of
lIIrll I(xl\ f(II a  ((11111(11  Ioi[ll  lII;Iylr if] fltlilc,  :111(1  IIICIC II I:Iy
llcilll ill flllilcllllllll,Ci  (1 I S(lil[Ufi  CS.

[(ilittcl,  :it,(l  I)L’.I(HI{,,93],  :Illdal{.lml (Iil{c[ly:ld
dic’.ssc(l l)y[l K\\ ’otk dcsclitwd ill lllisal]s[l[~c[,

Qucs[ioll  A? fl~)lll aim\’c is “fllld  wllicll  illfo]llmlioll
\vill  allow 11s to Ilmkc. tllc. Iwst ]}ossil]l(.  dccisiol] al
Imld  wllilr lllillitlli?ill~,  illfo]llmtioll  ((IsIs”. ‘lllis
qucstiotl  CaII  Ir c:Is[ ill t\\’() \\’:tys:  1 )  fol a [,,i\~c.tl
dlII(Nll Il of IL’sollllc.s,  l\’llicll  itlf(ltllmli(~ll  slIolll(l 1
{I,r[ 10 ]Imxitllizc  Il]r c.xjwctcd  Iltilily  of ()[ tllc oilt-
colllcll ly(lc.cisi  otl;:tt  i(l?)~,  i\’c.lltll:lt” 1 v,’allltollavc
:~ccllilit  lcollf”l(lct  lcc.lc.\’cl  itltllcf,()()(ll)c.ss{)f  tllydc.-
cisiotl  (c..~,., local  ol)litll:tlily),  llo}l’c:ill]  acllic\’e  lllis
\vllilc.  cx])c.tl(lilif,  tllc.  lc.;~sl lc.soiltcc.sj]ossil]lc.”

'l'llis:illstlilc(  f(}cllscs c~ll[li\c.s(ic)  llA7,ll;tlllc.ly:  “flll(i
wlliclt  itlfoj~lt:lti(~ll  Will :I11OU’  1!s to llli!l~C  !IIC. lWSt
]I(}ssil)]c(lccisioll  at lIaII(l \\’lli  Irlllillill  li7.ill/,,  iilfol-
Itlaliori  costs”. S]wiflcal[y,  OUI dJIj)j(Ktc]I (Ilaws
lIIKHI lc.cllfliq~lcs  fI()]II s(dlistics  ill tllc. [~f atca o f ”
]Ijlldll]cllic  slatis[ical  l))(dc.ls  10 Itm(lc.1 llIe. ulIccl-
t:~itlty itltltilily  til I(litif()t  lll;t[i()ll  c()s((slil  [l:ttc.s. III
Il:ll:llldlic  stdlislic:ll  ltl(dc.ls,  Ol]c. ]IIL’stItIIc.s  tl)at
d:lt ;I is dis(t ilmtd :~cco](lill~,  to S(IIIIC. f(~l III of II IO(IC.1
(c..\ \., tllc lKJIIIW1 (Iis(lil)(llio]l,  tl,c ]missoll  dis(ril)ll-
tioll,  c4c.). ‘1’llis  distli[lllti(Ml  catI I)c dCsClil KKl ifl
tcllll$ of :1 flxc(l Set of ])ati(llld(vs  (Sudl as II IW!I1,
}’:tli:lllcc.,  c.tc.). lf()tlc. c:lllillfc.t  tllclc.lc.\':tll  l]):tt:illtc-
tcls fol tlw (Iisttil)lltioll  Illl(lctlyillf,  tllc dat:! ( s 0
(:IIIC(l  jmldllwtc.1 cs[illmtioll),  tlwll lwcausc  tllc.
lll)ccllfiitlty  ill Il(ility  cstiilm(c.s  is C.xl)li(illy  II Io(l -

C.llcd ill  tlIc Sl:itislics, II IIcC. ty[m of qllc.stiolls  lL’.-
~,flldillp,  utility call  Iw arlswclcd:

111:

11?:

1;3:

wlticll  ;tllcll l:tti}~cll astllc.lli~,lic.sl  Cxlw[c(l ll[il-
ity;

lI(Iw ccllaiil  aIL. MIC of Illis ldltkill[j,  of IIIc. allcl  -
ll:lti\’cs;  and

llov~ llltlcll  is Illis Illlcc.l([lit[ly  lik~.ly 10 cII:tII~I,c.
if w’c :Ic(jllilc;t(l(lili(lllal  illf(lllll:llioll.

( !or[l’sj)oll[litlf:ly,”  lIIc. S:IJIW  aJq HodJ cat) 1,0 USCXI irl
IIlo(lcllillf,t  llc.cc)s(( list[il]ll(i(lll.  llctlcc.(  llcc.x])c.c[c(l
cosl of ac(juil  ill{’, a(ldi[iollal  illfot[llalioll  C: III also Im
cslilllatc.d.

of C(mlsc, tllc ;Iccufdry of all of tlIcsc cslilila[cs  is
(Ic]lcll(lc.llt Il]lollt ll(’.[t,()()(ll lc.ss()fflt oftllc ])aIalllc.t-
1 i(”  lIKI(I(”I  USC.(I  to II KI(IC1 llIc.  ulIcc.1 (aitlly  and cost c.s-
tillmtcx.  {ic.llc]dlly,  wc Ilsc. tllc tIot  IIml (p,a[lssiall)
(list  lil)llli[)ll  ]]lo(l(:l:ls(~lll  ]):tt:ltllc.tl  i(. jllo(l(-.l. );m{u.
lI:tlc.ly, tllr lIot IIIal distt  il)ll(ioll  lIas tlIc. stl(~il{; jjlol)-
Cl(ytl  I:I[ it isa ~,()(d  :~j)])tc)xilll:ltio[lto”  II IaIIy f“olllls
Of (Iisliilmtiotls  f(]l lcasoll:il)ly  ]:itt!,c  s;tlll])lc.  s i r e s
((l(ic 10 tlIc (:cIItIiIl  1 ,ililit ‘1’lIcoIIIII).
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cqlla]  c1 10] alloca(iot)  (S’1’01’1 ), it](c[ val- ~msd UII-
c.qufil  m [w alloca[iol)  (S’J’01’?),  cmjwkd  10ss equal
allot.aliott (1 11,1 ), ald C.x]mkxl  loss utqaal alloc:l -
liwl (1H ,2)?.

2 ]OVI1)llll(;Al .  l’lUth’oltMANClt
ICVAI, IJA’J’10N

Wc IIOW tul II to al I c.lnj)il  ical cvaluat iwl of tlm lly -
jxdlwsis  sc.lc.c.tioll  tcc.liiliqllc.  s. “1’llis  Cvalllaliol)
IC3K1S  su]qm(  to tlm Icclllliqucs  by: (1) usill?,  sylb
tllc[ic  data 10  dc.l IIOIIstlatc.  tlIat  tlm tcwlllliqum ]m-
fOI”III  as])t~cdickd  wlmll  :Isslltllj)(iollsaltlllc.t  atd (2)
usillf,  a ]c.al - wotld IIylmtllcsis  sc.lcdiwl  ]MoI)Ic.111 to
dcIIK)IIstIalc. tlIc IohIst IIcss of Ilm app]oachc. s. As
tllc illtc.] val-lmsed  aIId cx]w.lc.d 10ss a]qIIoaclIc.s use.
diffr.1~’.l)( ]mtal[dcls  wliicll  alc itlcotllj):llal)lc,  vw
f]! St tcsl  tllc illtc.1 wI- based fild c.xjmckxl  10ss a])-
])toacllc.s  sclMlalcly  :111(1  tlICll COl]i]MIC  tlK’]11  lW.a(l
10  lIc.a(l  ill a tc.al. ww M col)lj)lc’.llcllsi~~c.  test.

2.1 SI’N’1’I  11!’1’1[: IJA’1’A

,s~l)fll~llc  dal~ 1S II SCXI  10  SIIOW that tlm lc,clllliqll~.s
]mfm [il as Cxlw(cd  wllc.tl  tllc utdc.tlyitlf,  msullqJ-
tiol]s  ale. valid.  1’01 i[dcl val-kscd qq)loaclm  wc.
slmv that the tc.c.lmiqw will chooscthc bcsl llyjmtlk
c.scs, ot olw c close. to tlm bc.st,  with tlm ]cquc.skd
III ollal)i]it  y. 1’01 (Im rx]wctcd  loss fil)j)loaclI  wc.
slmwtlwt tllc.tccllllicl[lc.\$’ill  Cxllil)it  lm~imlctllat  ll]c
I (C(]llcmxl  IC.vc.l  of CXJ ICdc(l k)ss.

‘J’tlc statistical ] allkitlf,  and sclccliotl  lilt.latulc Ilsc.s
a sht I(ia I(l c]ass d sylltlwlic  ])lolklns  fm c.\’alwit  -
in~, tk statistical cl Iot of’ Ilypotlmis c.valuati(ul
tc.clll Iiqucs ml Id tlIc. l(’(IL$/J(II’CIl[Jl~lC cot!figll?fltioll
of Ihc po))ula  limt IHMILY  [1kdIlmfc.154 ]. ‘1 ‘Ilis is fi
jmIa IIKtCI collfi~,ulatio;)  tl]at is I]mst  likely to ca~lsc
a tcclll)iquc.  to CIIOOSC. a WIOIIP,  IIyjmtl)c.sis  (otw tllfi(
is IIO( c- c]osc.)  aid tl]us  ]Jlovidcs  Ilmlms(  scvctc test
d tllc. tc.clllliquc’s  al)ilitics. llldcu this collfip,ula-
timl,  k - 1 of tl]c. l]ypotlmscs  IIavc idc.lltical c.xjlcc(c.d
utilitic.s,  p, atd tlm lc]naillitlf,  l)yjmtllc.sis  has c.x-
lmlcd  utility ]1-1 c.. ‘llIc last l]y]mtlwsis  lIaStlIc  l]ifjk
cst cx]mtcd utility aII(l slml(l h cl Iosc. tI by tlvs
tcchniquc.. ‘J’hc costs ald w ialms of all llyjmtlm.-
Scs al c. Cx]llal  .

WC, test caclI  tcclllliquc  OII tl)c  ]casl  ftivolal)lc  co]u
fl~,ultitioll  uldc.1 a wit ic.ty of col]tld  ])atalnctc.1 sct-
titl~,s.  ‘1’llc.  least favo]al)lc. c.otlfl?,ul  fi[io!l I)c.col Ims
l]mc, difficult (lcquitc.s  mmc. c.xamJ~lc.s) as tlm co]]-
fld(!llcc  y+ , tllc. Illllntxu of hyjlothc.sc.s  k, 01 COIIIIIIOII

2. 1’(M (Iclails  of (IICW al~,oritllll)s scc [(lien c1 al 94].

utilily  Vatiallm  0?, ilmcasc. s, It bccotIIcs e.asic.! [is
ttlc ildiflc.f~’.lm  itltu val  c., ilmtmcs. III (Iw statl-
daId lllc.tldolo~,y  a tc.clllliquc is cvalua[c.(1 vatyitlp,
WIIWS fm A, y:, aIId ok. ‘J’IIc last tcl In co]nbillcs tlIc.
wu ialm ald itdiffclcxlcc.  illlc.1 val sim i[do a sinfjlc
quailtity wllicll  as it itm.lc.aws II Iakcs tlm IHoIIIc.111
lIIOIC. (Iifflcult,  1 ’ 0 1  oll I cx])c.t itllcllts,  lt~  is sc.t to
SC. VCII, JI is flf(y,  o? is sixty-foul, awl all otllc.1  ]mTal II-
ctclsalr.valic.(1  as itdicatcxl irltlwlcsul[s.  All c.xlwl-
itllc.]wsl t! ials aic tc.]matcd  SO(K) till  lc.s to obtaiil
slatis(ically  ICJial)lc. lcsults.3  “1’llc.  lc.suits floln tlmsc.
C.x}mlittr.llts,  ill ‘Jhb]c. 1 bc.lmv,  show (Imt as tlw lc.-
qwstccl collfdc.lwc. i]mc.  asc.s, tllc. S’1’01’1 al~ol i(lllil
coilcdly  take.s tnmc traillillf,  c.xa III Idc.s (0 c.l Isul c.
that tlm Jc.cpmtd  accwlacy lCVC.1  is dlic.\’cd.

‘1’lK c.xjmclc.d 10ss apj)loacll  1 [1,1 was also evaluated
ill tllc lc.ast favottil)lc  cotlfl~,ulaticsll  to Ic.s( tlw alf)o
I itlllnS  al)ilit y to bcmml  cxpcdcd  10ss. Iii /1 was
tc.stc.d  o]l vtit  ious 10ss tlltc.sllolds,ll*,  owl this  J)] ol)
IC.111. ]iol this  cvalua[iml,  }1 is fifty, all Ilyjmtllc.se.s
SII:IIC. a CC) II II IIOII utility Valiarlcc.  of sixty-  foul, atd
c is two, k: 3, S,10, 114 : 1.0, 0.75,  0.5, 0.?5. “J’lIe
‘saIIIl)lc  sim IcwIlts arid obse.I wxi 10ss wsluc.s  ate.
sutIltllal  id bc]ow ill “Jhble  1. ‘I”JIc.  ]csults  illustlatc
tlla(  as the. 10ss thlcddd  is lcwcrcd  lil,1 takes ]norc
tlaitlillp, c.xaIIIplc.s  to c. IIsuIc tllc. cxpcctcd 10ss lc.-
ll”laitls bd(nv tlm tlITe.slmkl.  Ap,aitl, all tlials arc lc.-
pca{c.cl  50(K) t i] I WS.
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‘Jh~Ilc 1:1 mst l;aVOIiSl)lC.  (1 Iflp,ulatioll  Rcs[llts

IIc}tll  systctlls  szitisflc.{ltllcil  statistical Icquilc.tnmlts.
I II  caclI colflf,u[atioll  S“J’01’I sc.lcdcd tlm C.OJICC(
hylmtllc.sis  with at lc.asl as ]Ilucll collfldc.slcz  as lc-
quested. “J’hc cxlmtcd 10SS c.xhihitcd  by 1 i],1 was
3. AIIotlIcI  illllm MIII cjuc.stio]l with tlIc itllcl-
val-hsd  a[IJIIoaclI is its c. fficicmcy  M’lIc.11 all }Iyldlw
ses alc irdiflcxc.at  to each otl)cl. 1 tvaluatioIls in Itlis
collfi~,  arfitiwl ~,ivc c(JIIIIIattilJlc  cfficic]my 10 tlm Ic.aQl
f:Ivol  dIlc. cmlf]~,ul  atio]},  lNI1  SI mcc  ]M C.CIU(IC.S  III cscll -
Iali(ni  of tlmc Icsalts.
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II() ~, ICalCJ  (]ml) tiic  k)ss t] IIdIoki.  As CX]WCtCd  ttlc
IIUIIIIWI of cxan]plc.s  Ic.quilcd iimcased  as tlm ac-
Ccq)td)lccl”lol  ICvd 01 loss 1IIICSI1OM dcclcascxl.  ‘1’hc.
llul])bc.1 of Cxamj)lc.s  lcqailcd by tllc two tccl)lliqac.s
slmald I lot [m cotqmicd  dilcc(ly  as e.acl) alt,ol itlltll
is solvil)p,  a diffc[clll  task.  1 ,atc,l we. will discuss (IIC
Ic.t:i(ionslli])  bclwccm  (he. cfflcicflcy  o f  lIIC aI)-
] )1 Oadlcs.

2.2 NASA SC1llU)lll  JNG lJA’1’A

‘J’tlc.  tcsl of lcal-wmkl apj)licabili(y  is based oa data
CIMWJI frmn aa mdaal NASA scldulil)f,  applica-
tion. ‘lllis  clata ptcwides  a shcmf,  lest of tk apjllica-
bi]i(y of  the tm.haiqacs.  Al l  of tl]c sttitis(ic.al
kdtniqacs  ]nakc some forlll  of no] Iuali(y  assalnj)-
ticul.  I1OWC.VC7 thcdala ill this applicatiml  is Ilip,hly
nolbmlmal  - in fact most of the clisllilm(ions  am
I)i-modal. ‘J’his  chalactc.tis(ic  ])jovidcs  a Iathc.t  sc-
VC2C. tc.s( of the ~olms(tmss  of tlm a])l]loaclm,

(h)l ]mi (iculal  applicatimt  IIas bcml ada])tivc lcw tl-
inf, of lmwislics  fm a laf,ian~,  iaa Idaxation [l;ish  -
cd81 ] sddalcv  ctc.vdcpd  by Co] in I Id I c.alld
1,1<-26 [1 M193] to schc.clulc.  Collltllllllicatiolls  l)c-
twmn  NASA/Jl’l, antcllllas  aid low cat (II c)ll]itiiiF,
sate.llite.s. 1,1<- ?.6 fmlnalatcs  the. schcdulias,  pfob
lcJ1l as atl ildc~,cl li[war plogtammia?,  pfobkvn  atd
a typical IMOblcan in this domain has applc)xinuilc.ly
650 valial)lcs ald 1300 colm(laintsi

‘J’hc  p,oal of time e.valuations was to chocmc a hc.Li-
] istic that sdvcd  schccluliag,  pdktns  qaiclly  on
a Vc] a~,c. . ‘J’his  is easily smn as a IIypothc,sis c.valua-
licm ]mblcln.  1 lac.h c)f tllc.  IIc.ul islic.s  CWICS]KMICIS  to
a liyj]c)tlmis,  ‘J’llc cosl of c.valaalillp,  a IIylmllle.sis
OVCJ a tfaitliltg  c.xamj)]c is the. cost c)f scdvil)f,  tllc.
scllcxlalillp,  ]mblcm  with tlm F,ivml IIcalistic.  ‘J’llc
Lltility  c)ftllc.  tlailliTIS exalll])lc.i ssill-llJlyt  llctlcf,:itic)]l
of its cost. la that way, chmsinp,  a llypotlmis with
lnaxill]al  e.xpcztcd  atilil  y concspohcls to clloosil]r a
schcclulillf,  llcwlistic  witil Iilillililal  avcnaf,c  cost.

AJ~J)]icatioll  of tlw C~OM1’OSl 11< method of adap-
ti\’c }H(hle.t]i sc)lvillf,  [(iratcl193]  to this dollmill  Ilas
l)loducwd vcu y IJlolllisitlf,  lcsu]ts. 1 ‘w OIIC  vc.lsi(m  of
tlw ]JldJlc.ln,  tllc ~,oal is to lcarll  lmlistics to allow
fol fastm construction of sc.licdalc.s.  lim (ltis  a]lpli-
catioa [Gmtc.h c.t al, 9 3 a ,  Glatch  & (Ylicn 93],
lcal lid tw.ulistics  ]Jlduc.Cd  tllc lc.suits c)f 50% lc-
dac.tiwl  in [~1’11 tilne.  tc) cxms(ruct  a scldalc  for
solval)]c  ]Moble.]ns,  and a 15% illctcasc.  ill tlm  IIUIII-
Iwl  of solvah]c p o[)lcms within I c.sm] cc. boa I Ids.
1’01 a sc.cold vcmioa of tlm lMolJlrIII,  tlic. F,oal is to

lca[l]  Iw.ut istics  to clloosc  f,o:tl  cmlstiaints  (0 lclax
WIKII il alywats tlmt tlw j)loblc]m  Imc.d to tlm
scldulcf  isatlsolval)lc.  11] this a])})licatioll,  tlwutil-
ity is tlcf,alivc  tlic. nuil]lml  of cotls(raillts  Ic.taxc(l it)
tlIc. fllml solutiml.  l’lc.litllinaly  tc.sts  showcxl  a lallp,c
f[oll~ -681 to -35 ill avc.laf,c.  utility it] tile colltlo]
sjmcr, with arl avc.Iap,cutility  of- 1 3-/. ovc.1 6 tlials,
(~OM1’OSl ;1< J)icke.d  tllc Imst sti atcf,y ill cvuy  tt ial.
W~calt’.clll1clltly  ill tlicl)]occss ofclllicllitl~,tllcllc.11-
I istic space. fot this :i]q}lic.ation.

Olllclltly, wc alc usit)g data flom tl)is schdulitlp,
apj)lic.atiml  to ful (IN tcs( oal ada])tivc.  I)loblcn]
solvill~,  tc.cli])iquc.s. “1’k scldulinpj  apj)licatiol]  ill-
volvd scvc.1 al IIypotlmsis  c.valuat  ion ])] ol)lcvns,
four of which we. u sc in this c.\’aluat  ion. 1 Lath pml~-
lCIII  c(MIcsImIIds (() a c(ml)al  ism)  of soIIm s e t  o f
scllc.clalillf,  lica]  istics, aTld co]ltait]s  data on tlw hc.u-
listics’ pc.rfm I nancc ovct about OIIC tlmsatd
scllcclulill~,  ]uol)lcINs. AN cxlwtillm)tal tiial  co]l-
sists  of cxcca(itlp,  H tc.clllliqlle  ovcu otlc of Il)csc data
sets. liacll  lime a tfaitlitl~,  cxamj)le.  is (0 Im ])10
CC. SSC(I,  SOIIIC pIOl)]CiII is (Ii awl  ]al Ido]IIl y ft 0111  tk
data SC( with tcplaccmctit. ‘J’hc. actual utility ad
cost values associatd with this scldulillf,  l)lc)l)lcIII
is then use.cl. As in the syl)tlmtic  clata,  cad rxpcl-
illmltal  tl ial is Icjmatccl  5000 tilne.s ald all ]cqml (cd
lc.suits ale. tlm ave.] ap,c.  of tile.sc. It ials.

WC lan llIc itltcn’al-  I)ased hylmtllc.sis  sc]cclioll
Ilic.tllod  (S’1’01’1 ), tlm cost scxlsitivc  illtcl  val - based
Iw.tlmcl  (S’1’01’?), tlm COh41’OSlll< ajq)loadl,  allcl
an cxistinp,  statistical tcdmiqac  by ‘J’u I IIIMI1l allcl
Weiss [’J\II IIlmll & Weiss W] ow tk foal scllc.dul -
ii]f,  (LWa  sc.ts.  III c.acll case the. ccmfidc.ncc ICVC.1  was
set  at  95%, ald no sc.t to flfte.ctl. ‘1’IIc.sc. Ie.su]ts,
slIo\vJ]  ill ‘Jhblc. ?., SIIOW that tllc illtcl  val- t)ase.d
tccllniqaes  sig,tliflcalltly  c~~lt~)cl-fc)~l~lr.(l  tllc ‘J’u] Jllmll
and COh41’OSl  }1< tcd)niqucs  aIKl that S’1’01’2.
slif,lltly  outjm fol lnrd S’1’01’2. WC also IaII tllc c.x-
]mctc.d 10ss tcclllliqacs  1 i],1 and 1 {1,? (cost sc.Ilsit ivc)
ovcv tllc foal sclwdulill~,  datfi sets. II) c.acll cmc. tllc
10ss tlllcshold was set at three. ald }10 \v:is  fiftwm.
‘J’ahlc 3 sul]ltml ims the. Icsalts along with tllr. rluIn-
t)c[ of Ilyjmtllc.se.s  at id thr Ic.lativc difflclllty  (o/c.)  of
each data set. ‘1’llcse Ic.su]ts  ifi ‘Jhl)lc  3 slIow that tllc.
cxpcctd  10 S S  a]qmaclm bounded tllc cx~wctd
10ss as plcdidd.

2.3 Compal’ing  Srl’ol’l and IL] ,1
It is diffmlt to dilcctly  c.ompalc  tllc.  pcd fol ma[m of
S’l’()])] and } i] ,] as tllc, algol  itl)ms ale. accolnj)listl-
iflg diffcuud  tasks. S’1’01’1 is atteln]ltitlp,  to idclltify
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‘1 hb]c 2:1 isti  makxl c.xpcdcd  total II LIINbCI of chcrvat ions for scldulin:  dala.
Achicvd  probability of a mtcct  sclcctiml is show’tl in patem(hcsis.

3.()

3,()

3.()

3,0

(1 ,00)

(1 .00)

(0.91)

(0.89)

‘1 hhlc 3:1 Mi Iilatecl expcdd  total numlwr of chervatiot)s  ald

cxpcdcd  10ss of aTI incmlccl  sc.lcdicm fol the sclvxlulillf,  clata,

a Imady optimal hypotksis with hip,h coIIfkJcncc cls Y* L 0.75,0.90,0.95 and all irdiffe.m]ce.  IC.VCI  of. .
wllilc 1 t] ,1- is atkmpting  to minimize, the mst of a
lnistakc.n  sclccticm.  lfthc  goal of the. task is to idclb
Iify the. [KM hypdhc.sis  then ckar]y  S“J’01’I should
k use, If the. p,oal is to simply implcwe,  cxlmctcd
utility as mud as possihk,  cithc.r  could  hc. uscci and
it is ul]clc.ar  wl]ich  is to lx pl-cfcn ccl. ‘J’his sect iml
at(cmpts  to assess this question  cm the, NASA scllc.(i-
ulill~,domail~,  Wcl Lllle.ac.l~a  lgoritllllll  ll~dc.l  avali-
c.ty of paramcte.r  sctting,s  and compare the best
]wrfm matlcc,  of each algoritllln.

‘lb directly mnp:iw  S’1’01’1 ad lil,1, wc ttit) a com-
prc.hcmsivc  adaptive scllc.clllliflp,  test.  in this (est,
S’1’01’1 andl{ l,] allwc.re.  givclltl~c  taskofc)J>tillli7,-
illp, several collt ml paramdcrs of an adapt i vc schcxi-
UICJ, with the. goal of spc.c.din~  up the schcclule
F,c.l~clatiolll)loccss.  “I’ltis  task collcs]~olldstc  )tllcsc  -
qumltial  solution of the pIoMcIm  1)1 tlllough  ]M
]WSCA in the scheduling test (for more, details 0]] this
alJIJlicaliolJ  tlc)lllaill  scc[(iratcllc  .tal.93],  lnthiskst
thcS’1’01’l  al f,o]itlJlllw asrllI~m’itllc  c)llflclcIlcclc\~-

l.(),”aldlilzl  v’asrLlt) willlloss  l)olltlcll  <:5, 1,().5.
‘J’hc [wA scl[in~s  fouml and avcra~,ecl Icsults  tesult-
ihp,f tom JOOO-llltlsa i-csllcJwllt]  c.lo\vit  l’Jhl~le.4.

S’]’()]’1
(0.’7s,1 .0)
IO,l((is)

C:CN
(C1’u
l)ays)
] .94

1.84

l{xamp.

4j~9

?630

Lltility

1’7.1

17.3

‘Jhb]c  4: l)ircct Comparison of S’J’C)l’I  ad 10,1

‘1’hesc  results show that the two al~orithms  pmhcc
muplily compalab]c  utilities, tltc diffme.nm in utili-
ties is smaller than the incliffcrmco  interval spcc.i-
fie.cl t o  S“J’01’1. 1 lowcvct, tlm S’J’01’1 algcnithm
Ic.quircs  mar]y twit.c. the cxamp]c.s  cm avcra~c to
achicvc.this  utility. While it is difficult to gemralim
this rcsu]t to other apJJlications,  this aticl other em-
])iTical results  has suf,f,cstcd  to us that ttm cxJJcctrcl
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10ss appromh  is I]lolc  cfflcient  at tlw task of improv-
ill,g cxpcc.td  utility.

3 CONC1 ,1 IS1ON

‘1’llis  IJa]wr Ilas dc.scxibd lcdlniqucs fm cllcmsitlg
among  a SC.( of altc.raativc.s  in (1]0 prcsrmcw  of incom-
l)lcle. illfol  ma(im) and varyinf,  cos(s  of:lcqailillS  ill-
forlnatic)n.  ltl out appmacl],  wc model  tlm cost and
utility  of various altc.rmativcs [Isillf,  parmuctct  i7,cci
Statistical modcds.  }Iy applying tcchniqms from an
area of statistics called paramc(cx cslima(ion, slatis-
tic.al moctcls can 1}0 infmed  from data regarding thr
utility and information cost of each of(hc. various al.
tcrl Iativcs. ‘1 ‘hcsc stat is(ical  models can then be used
to estimate tk Mi]ily and cost of accluirinf,  addition-
al information and thcutility  of sclc.ctin~  specific al-
tcrllat  ivcs from the pcsssibk  choices at hancl.  We.
apply these tc.chlliquc.s  to adaptive. poblcm solv-
ing, a tcdmique  in which a system automatically
tunes varims  control parameters otl a pcl-fonnauce
clc.rncnt  to improve pcrformaace  in a given domain,
Wc present empirical results comparing tk e.ffcc-
tivc.mss  of these tcchniqucx  cm two applications in
a real- workt ckmain:  spcmtap  lcarnin~ from a rcal-
workl N A S A  schcctaling  domain and schc.clak
quality clata from the. same. real- work] NASA
sclmluling  clomain.

l’orlicms  of this work were. pcrformccl  by the Jc( Pro-
pulsion 1 ,abora(ory,  ~alifornia  lns(itu(c  of ‘lkdlllol-
ogy, under contract wilh tlm National Aeronautics
and Space, Administration ancl por(icms at the. lJc.-
ckman  lnstitutc.,  lJnivenity  of IIlinois  unctc.t Na-
tional Science. 1 ‘mmdation Gan(
NSI’-  11<1-  9?- 09394.

lhfcrcnccs

[lkJ193] C 1}. lk.11, “Schcdaling  lkcp Space Network
l)ata  ‘1’l-ansmissions: A l,agrangian Relaxation Ap-
pl each;’  ]’rocccdings of the S1’1 K Confmwc  ON
Applications of Artificial lntclligcwx  1993:
Kuowlcdge-basrd  Sys(ctns in Aerospace and ln-
duslry, Orlanclo, IU,, April 1993, pp. 330 340.

[1 ‘ishd 1 ] N4. l;ishe.r,  “’1’hcI  ,ag,ran~,ian Rdaxation  h4c.th-
od for sCd ViIIF, lntc~er  1’10:,1 amminr, l’jotdcltls, ”
Afamgcwclif  Science 27, 1 (1981), pp. 1-18.

[CiratClN3]  J. Glatct], “COM1’OS1  it{: A lk.cisiom ttm,-
rdic Approach tc)AdaIJtivcl’lc)t)lc]ll  Solving,,’’ ”lkcll-
nical Kclmt I LJIUC1)CS-  R- 93  1806, l)epal (Illcllt
of(loll~}>tltc.rScic~~cc, LJnivcrsity_of  Illinois, [Jr bana,
11., May 1993.

[(iratcll ct al. 93a] J. (ilatcl),  S. Ctlicn, aad G. IkJong,
“1 ,cal Ili ap, Search Ccmtl 01 K rmwlc.d?,c fm J)cc.p
Sp:tce. Nc.t work Schcdal  ins,” l’rocecdillgs  of (hc
‘lhth lntcrna(ioml  {:o]lfcrence on Macllinc
l.caraing,  Atnlm.rst,  hfA, Jane 1993, 1)1).  135- 14?.

[Gratch  C( al. 93[)] J. (iratcll, S. Chicn, atd G. llcJong,
“1 .calniaf, Sc.al-ch Control KTIOWICCIEC  to IInprovc
Scktulc Qaality,” l’rocccdili~s  o f  the o f  the
IJCA193 Workshop on l’reduction l’lanning,
.Schcdaling, and Control, Chrtlllhctly,  IJlancc, AII -
gllst  1993,

[Chicn  c.t al. 94] S. Chicn, J, GI-atch, ald M. IIar], “On the
1 lfficic.nt Allocation of Rcsmwccs  fol }1 yImtllcsis
]Nalaatirm in Machine 1,carning: A Statistical Ap-
ploactl,” I’cn lllcorlling  J1’I. ‘lkchnical  l<cpm [, Jc.t
1’1 opalsion  1 ,ahoratory,  Califm nia I nslitatc of ‘lhch-
no]o~y, l’asadcna,  CA, 1994.

[G~-atch & Chicn 93] J. (iratch ancl S. Chicn, “1 .catoing
Seal cl) Control Knowledge. for the. 1 )CCIJ Space Nct-
wcn k Scllcdalir}g l’foblcm: I ;xt~tdc.cl Rc.pm t and
(iuidc  to So ftware,” lkc.hnical Rcporl
LJl lJCl XX- R- 93 1801, 1 )c.J,at t Inc.nt of Com)mtcr
Scicncc,  lJrlivcrsity  of IIlinois, Ulbana, I I,, Janua! y
1 9 9 3 .

[(iratch & l)cJm~g 93] J. Gra[ch and G. l)cJm~p,, “l<atio-
nal I ~.arning: A ]’rinciplcd Approach to IIalancins
1 Carni ng and Action,” ‘Ikclmical Rcporl
[J] LJCI )(X- R- 93-1801, 1 )c.pal-(locnt of Ckmputcr
Scicncc,  lJniversity of IIlinois, IJrhana, II., April
]993.

[Russc.11 & Wcfald  89] S. RLtSSCll  and  ] 1. Wcfalcl, “(la  op-
tinlal [iatnc “1’rcc.  Sc.arcl] usins  Rational Nfc.ta-  Rc.a-
scming,” l’rocwxlings  o f OIL? ];]c,r~,,th
lnlcmationnl  Joint Confcrcnw  on Artificial lr~-
tclligcnce, I)c.tloit, MI, ALIgust 1989, l)],. 334 34(J.

[I<asscll & Wc.falct 91 ] S. Rasscll ard  Ii. Wcfald, “I)cJ the
Ri~ht “1’t~inp:  Sturlics in 1.imitd Rationality,” hfl”l’
l)l-MS,  ~alllhl’jdF,C,  MA 1991.

[’1’arnhull  & Weiss 87] A class of sc.qmntial  proccclutc.s
fol k- sample  problems conccming  mmnal mc.ans
with unknown uncqaal variances, in Statistical
Nanking  and Selection, ‘J’llrcc l)ccadcs  of l)cvd-
opmcm(,  R. IIase.c.t)  (e.d.  ), Amcl-icail  Scicaccs lhcss,
~OllllIlhllS,  ()]], 1987, [)1). 225- ~do.


